The spatial organization of cell-cell adherens junctions is distinct in cultured cells from two different tissue types, specifically, epitheliocytes and fibroblasts. In epitheliocytes, contacts are localized tangentially, along contacting cell edges and in association with circumferential actin bundles. Contacts between fibroblasts are radially oriented; that is, they are perpendicular to the overlapping edges of the cells and are associated with straight bundles of actin filaments. In the present study, we establish that the spatial organization of cell-cell contacts in the epithelial cell line IAR-2 can be converted from the typical tangential pattern to the radial pattern observed in fibroblasts. This transition can be induced by treatment with two agents, phorbol 12-myristate 13-acetate and nocodazole, which have different modes of action. Inhibition of myosin contractility reverses tangential-to-radial conversion of cell-cell contacts. These data suggest that formation of radially aligned contacts depends on modulation of contractility within the actin cytoskeleton through the myosin motor protein. The results open the possibility that modulation of the spatial organization of cell-cell contacts may play important roles in regulating organization and physiological functions of epithelial tissues.
Establishment and maintenance of cell-cell and cell-substrate contacts depends on multicomponent interactions between the actin cytoskeleton and specific classes of adhesion proteins (1) (2) (3) (4) (5) . In previous studies, we described two distinct cell-type specific patterns for the spatial organization of adherens junctions formed by epitheliocytes and fibroblasts (6, 7) . In cultures of epithelial cells, adherens junctions are aligned tangentially along the cell-cell boundaries, they expand laterally after cells establish initial contact, and expanding contacts are associated with arc-like bundles of actin filaments (6) . By contrast, in cultures of fibroblasts adherens, junctions are aligned perpendicularly to contacting cell edges, and the junctions are colocalized with the ends of straight actin bundles (7) .
The aim of the studies presented in this paper was to determine whether epithelial cells are capable of modulating the spatial pattern of cell-cell contacts between tangential and radial alignment. To access pathways that might induce switching between contact orientations, we treated epithelial cells with two reagents, phorbol 12-myristate 13-acetate (PMA) and nocodazole, that have different mechanisms of action. PMA is known to be an activator of protein kinase C that induces epithelial cells to acquire fibroblast-like properties, including polarized lamellipodial activity, elongate cell shape, and increased migratory activity (8) . The observed effects of PMA are reminiscent of epithelial-mesenchymal transformation during normal development in vivo and in cultures of epithelial cells treated with certain growth factors (9) . Nocodazole is a highly specific inhibitor of microtubule polymerization. Microtubule depolymerization results in increased contractility of the actin cytoskeleton via activation of the small G-protein, Rho (10) . We found that PMA and nocodazole induced reorganization of cell-cell contacts, in particular, formation of radial contact strands along with an accompanying change in the structure of the actin cytoskeleton.
To assess the potential mechanism responsible for modulating the orientation of cell-cell contacts, epithelial cells were treated with two pharmacological agents known to inhibit acto-myosin contractility, 2,3-butanedione 2-monoxime (BDM) and HA-1077. BDM suppresses myosin ATPase activity (11) whereas HA-1077, an inhibitor of Rho-kinase, decreases myosin contractility by effecting phosphorylation of myosin phosphatase (12, 13) . Treatment with both types of agents resulted in reversal of PMA-and nocodazole-induced formation of radial contact strands. These data suggest that alteration of acto-myosin contractility may provide a common denominator among multiple effects elicited by PMA and nocodazole that result in spatial reorganization of epithelial cell-cell contacts. The reorganization of contacts observed in vitro may possibly be prototypic of the switches in spatial patterns of intercellular contacts in vivo, which may play important roles in the remodeling of epithelial structures during normal development.
MATERIALS AND METHODS
Cell Culture and Drug Treatments. Rat liver epithelial cell line IAR-2 (14) was cultured and grown as monolayers on glass coverslips (15) . In some experiments, cell monolayers were scraped with a hypodermic needle to create a narrow wound and were incubated for 3-4 hr before observation.
To examine the effects of protein kinase C activation or microtubule depolymerization on formation of cell-cell contacts, cells were incubated for 2-3 hr with 0.15 M PMA (Sigma) or for 50 min with 30-60 M nocodazole (Sigma). To inhibit myosin contractility, IAR-2 cells incubated in medium containing PMA were treated for 40-50 min with Rho-kinase inhibitor HA-1077 at a concentration of 20 M or with the myosin inhibitor BDM (Sigma) at a concentration of 40 mM. HA-1077 was a generous gift of V. Small (Institute of Molecular Biology, Salzburg, Austria). In some experiments, pretreatment of cells with 20 M HA-1077 for 20 min was followed by incubation with HA-1077 and nocodazole. High
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Immunof luorescence Staining and Confocal Microscopy. IAR-2 cells were fixed for 10 min at Ϫ20°C by using a 1:1 mixture of acetone͞methanol and were stained with anti-Ecadherin monoclonal antibodies (Transduction Laboratories, Lexington, KY) at a 1:100 dilution. For simultaneous localization of actin and ␤-catenin, cells were fixed in PBS containing 3.7% formaldehyde, were permeabilized for 3 min with 1% Triton X-100 in PBS, and were stained with a 1:50 dilution of rhodamine-phalloidin (Molecular Probes) and a 1:50 dilution of anti-␤-catenin monoclonal antibodies (Transduction Laboratories). For actin and myosin-II labeling, cells were permeabilized and fixed as described (7) and subsequently were stained with anti-nonmuscle myosin-II polyclonal antibodies (BioMedical Technologies, Stoughton, MA) at a 1:50 dilution and rhodamine-phalloidin. All primary antibodies were visualized by using Oregon-Green labeled secondary antibodies (Molecular Probes). Fluorescence images were collected by using the Bio-Rad MRC 1024 laser scanning confocal microscope system of the Rutgers-Newark Advanced Imaging Facility.
RESULTS
Control IAR-2 Cultures. IAR-2 cells formed adherent monolayers of circular or polygonal shaped cells that possessed a defined vertical organization to the actin cytoskeleton. Optical sectioning of fluorescently labeled cells by laser scanning confocal microscopy identified three distinct populations of actin filaments. The uppermost apical region of the cell was traversed by thin parallel bundles of actin filaments that projected downward toward the circumferential bundle of actin, where the ends appeared to terminate ( Fig. 1 A and D) . Similar apical actin bundles were previously observed in retinal pigment epithelial cells (16) . There was no detectable colocalization of adherens junction components with the apical bundles of actin filaments. Circumferential actin bundles outlining the perimeter of the cell were colocalized with smooth, thin adhesion belts containing E-cadherin and ␤-catenin ( Fig.  1 B, C, and F) . Lastly, the basal portion of cells contained numerous crisscrossed stress fibers that exhibited no detectable association with E-cadherin or ␤-catenin (data not shown). Apical actin bundles, circumferential actin bundles, and basal stress fibers exhibited punctate myosin-II staining ( Fig. 1 D and E; M.K. and E.M.B., unpublished observations).
Effects of PMA Treatment on Formation of Cell-Cell Contacts and Organization of the Actin Cytoskeleton. Individual IAR-2 cells treated with PMA lost their circular or polygonal shape and acquired a polarized morphology characterized by having a broad leading lamella with numerous dynamic lamellipodia and stable lateral edges (Fig. 2B) . On cell-cell contact, PMA-treated cells continued to exhibit dynamic edge activity forming new lamellipodia along the edge even after establishment of an expanding cell-cell contact ( Fig. 2 B and C) . The continuation of lamellipodial activity after establishment of cell-cell contact was in direct contrast to the behavior of nontreated IAR-2 cells in which lamellipodial activity was inhibited at the free cell edge adjacent to the site of contact (Fig. 2 A; see also ref. 6 ). Another fibroblast-like feature of PMA-treated cells was the formation of a new leading lamella adjacent to the site of cell-cell contact, which reoriented the direction of cell movement away from the contact (Fig. 2C) .
The complex vertical architecture of the actin cytoskeleton was lost after treatment with PMA. PMA-treated cells lost the circumferential bundles of actin filaments that are a major characteristic of cell-cell adherens junctions in epithelial cells (Fig. 3A) . Loss of circumferential bundles of actin filaments was accompanied by development of numerous thick stress fibers, which radiated outward from the center of the cell forming star-like arrays. These stress fibers protruded into large actin-rich lamellipodia that had extended and overlapped with adjacent cells (Fig. 3A) . Indirect immunofluorescence using anti-E-cadherin and anti-␤-catenin antibodies established that PMA-treated cells no longer contained continuous adhesion belts; instead, the cell adhesion proteins were local- Proc. Natl. Acad. Sci. USA 96 (1999) ized to multiple, radially oriented parallel contact strands (Figs. 3B and 4). The radial strands were typically observed in regions in which active lamellae of one cell overlapped the surface of an adjacent cell. Many of the radial contact strands colocalized with the ends of the actin filament bundles emanating from the center of the cell (Fig. 3) . Next, we sought to determine whether there existed a relationship between myosin contractility and formation of radial contact strands in PMA-treated cells. IAR-2 cells were exposed to PMA for 2 hr followed by incubation in PMA and either the myosin inhibitor BDM or the p160 Rho kinase inhibitor, HA-1077, for an additional 40-50 min. Incubation of PMA-treated cells with either BDM (data not shown) or HA-1077 (Fig. 3D ) resulted in the loss of stress fibers and retention of actin filament meshworks within lamellipodia that were induced by PMA. Further, myosin inhibition also resulted in the loss of PMA-induced radial contact strands identified by indirect immunofluorescence with either anti-E-cadherin or anti-␤-catenin antibodies. ␤-catenin (Fig. 3E ) and E-cadherin (data not shown) were relocalized to the periphery of the cell along lines of cell-cell contact; however, the contacts assumed a ''scalloped'' shape rather than the linear, smooth adhesion belts seen in control cells. The line of scallop-shaped cell-cell contacts appeared to form at the base of lamellipodia, which continued to extend when cells were treated with PMA and inhibitors of myosin activity (Fig. 3 D-F) . Myosin inhibition had no effect on contact structure in monolayers of control cells. microtubules, although some cells still contained a few short microtubules radiating from the cell center. In contrast to PMA treatment, incubation of IAR-2 cells with nocodazole did not result in a fibroblast-like cell shape, and the overall organization of the actin cytoskeleton was not as dramatically altered as after PMA treatment. Apical and circumferential actin bundles were preserved in nocodazole-treated cells; however, we noted that the ends of apical actin bundles were thickened, and optical sectioning revealed that the dome-like shape of the apical bundles was somewhat flattened relative to control cells. Circumferential bundles of actin filaments and the associated adhesion belt, although still appropriately positioned, often appeared fragmented along their length. Additionally, there were radial contact strands that emanated upward and away from the area containing the adhesion belt and circumferential bundle of actin ( Fig. 5 B and C) . Examination of cells double-labeled for actin filaments and ␤-catenin showed that the contact strands were often colocalized with the thickened ends of the apical bundles of actin filaments ( Fig.  5 A and B) . In fibroblasts, depolymerization of microtubules with nocodazole leads to enhanced contractile activity through a Rho-dependent pathway that stimulates stress fiber formation (10) . Likewise, the observed effects of nocodazole on IAR-2 cells suggested activation of myosin contractility on depolymerization of microtubules. To inhibit nocodazole-induced contractility, cells were initially treated with HA-1077, to prevent myosin activation, followed by exposure to nocodazole. Cells treated with HA-1077 retained the tangential organization of adhesion belts typical of control epithelial cells and they did not form the numerous radially aligned contact strands seen in microtubule-disrupted cells. Adherens junctions of HA-1077͞nocodazole-treated cells exhibited some scalloping (Fig. 5D ).
Effects of Microtubule

DISCUSSION
Results of our experiments show that the spatial pattern of adherens contacts in epithelial cultures can be switched from tangential to radial. Radial orientation of contacts was previously shown to be typical of fibroblastic cultures (7), which do not express E-cadherin. However, in our present experiments with cultures of epithelial cells, both unchanged tangential contacts and radial contact strands contained E-cadherin and C and D) . In cells treated with nocodazole, the ends of the apical bundles of actin filaments were thickened, and they appeared to colocalize with ␤-catenin (compare arrowheads in A and B) . Additionally, there were numerous contact strands extending radially away from cell-cell contacts (C) and the tangential cell-cell contacts appeared somewhat fragmented (C, arrow). Inhibition of p160 Rho-dependent kinase using HA-1077 resulted in disappearance of radial strands and restoration of tangential contacts (D). (Bars ϭ 10 m.) ␤-catenin. This result indicates that spatial organization of contacts can be regulated in the absence of changes in the molecular composition of the proteins involved in formation of adherens junctions.
Reorganization of cell-cell contacts in our experiments could be induced by treating epithelial cells with either PMA or nocodazole. PMA, a protein kinase C activator, is a well characterized inducer of epithelial-mesenchymal transformation (8, 17) whereas nocodazole is a specific inhibitor of microtubule polymerization. What is the common link between the mechanisms of contact reorganization induced by PMA and nocodazole? We suggest that the effects of both agents on the organization of the contacts are mediated by alteration of the actin cytoskeleton. Treatment with PMA or nocodazole resulted in distinct changes to the actin cytoskeleton of IAR-2 cells. PMA induced four types of changes in the organization of the actin cytoskeleton: (i) loss of circumferential bundles of actin filaments, (ii) formation of radial arrays of actin stress fibers, (iii) induction of lamellipodial activity, including formation of lamellipodia by cells in monolayers, and (iv) polarization of lamellipodial activity in individual cells. The observed changes in actin organization are in agreement with earlier observations that brief (15-40 min) exposure of epithelial cells to PMA induces disassembly of preexisting stress fibers (17) whereas longer incubation (2 hr) results in formation of novel radial stress fibers (8) . Likewise, nocodazole treatment, in addition to changing contact organization from tangential to radial, also modulated actin organization. It induced thickening of the ends of the apical actin bundles and fragmentation of circumferential actin belts. Thus, both treatments promoted actin reorganization, and, in particular, PMA induced formation of stress fibers and nocodazole induced thickening of the apical actin bundles, events that are likely to be driven by myosin activity. Moreover, similarly to cell-cell contacts between fibroblasts (7), radial contact strands formed in the presence of PMA or nocodazole were colocalized with the ends of actin bundles. These observations led us to suggest that, although the mechanisms of action of PMA and nocodazole are substantially different, the signaling pathways activated by these agents may converge on a common downstream target-namely, myosin-driven contraction within the actin cytoskeleton. For example, it has previously been shown that small G-protein Rho activation is involved both in PMAinduced and nocodazole-induced assembly of actin stress fibers (8, 10, 18) . Activated Rho is known to increase phosphorylation of myosin II regulatory light chain, thereby up-regulating myosin contractile activity (13) . Therefore, modulation of myosin contractility may serve as a common link in the mechanisms of action of PMA and nocodazole on contact organization.
To test our hypothesis regarding possible involvement of acto-myosin contractility in PMA-and nocodazole-induced contact reorganization, we used two inhibitors of myosin activity, BDM and HA-1077. Each inhibitor acts through a different mechanism. BDM directly inhibits myosin ATPase activity (11) whereas HA-1077 is a relatively specific inhibitor of Rho-associated kinase (12) that controls myosin light chain phosphorylation by regulating myosin phosphatase (13) . Although these inhibitors have different mechanisms of action, both induced the loss of acto-myosin structures such as radial actin bundles and reversed the transformation of tangential into radial contacts. Similar to our results, inhibition of acto-myosin contractility by BDM and other agents had been found earlier to restore normal epithelial contacts in Rastransformed mammary cells (19) . Consequently, myosin activity is likely to play an important role in contact reorganization. Previously, Volberg et al. (20) postulated that actomyosin contractility participated in regulating cell-cell junction integrity. This phenomenon of myosin-driven contact reorganization may be similar to the mechanism of maturation of focal contacts between cells and extracellular matrix. An increase in Rho-dependent myosin contractility was found to induce elongation of focal contacts whereas inhibition of contractility by BDM and other agents reversed focal contact elongation (4, 5) .
Interestingly, epithelial cells treated with both PMA and Rho kinase inhibitor were still able to form new cell-cell contacts having tangential orientation. Unlike smooth tangential contacts in control cells, contacts formed in the presence of both PMA and Rho kinase inhibitor appeared scalloped. This scalloping may be attributed to lamellipodial activity, which continues, and may even be enhanced, in cells in which myosin activity is inhibited. It is possible that in the absence of acto-myosin contractility physical proximity of lamellipodia in adjacent cells was sufficient to form tangential adhesions.
The reported observations suggest that modulation of the spatial organization of cell-cell contacts similar to that observed in vitro may play important roles in normal development in vivo. Transformation of continuous tangential contacts in epithelial and endothelial sheets into groups of discrete radial contacts may considerably change the physiological properties of cell monolayers and, in particular, promote cell motility and rearrangement. These changes in cell-cell adhesion may facilitate outgrowth of epithelial tubules during organogenesis, elongation of endothelial tubules during angiogenesis, and other types of physiological remodeling of compact epithelial and endothelial structures.
